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I. INTRODUCTION 
The use of silos for the preservation of agricultural crops stems 
from ancient practice. However, widespread interest in ensiling was 
stimulated by Auguste Goffart's publication in 1876 of his experiences in 
the ensilage of maize. His silos were horizontal, eliptical structures 
100 feet long and 10 feet deep. Compaction of the forage was quickly 
recognized as one of the major problems in attaining proper preservation 
of forage. Goffart's solution to the compaction problem was to apply 
weights to the surface of the forage after the silo had been filled. He 
states : 
At the moment of filling, when green maize is cut, it is all 
alive and is so elastic that it reacts forcibly against the 
momentary pressure of the feet of the workmen. It is not 
the same several days or weeks after, but its elasticity 
diminishes, or in other words, its compressibility increases 
in considerable proportions. It is then that the heavy 
superimposed materials follow the maize down in its 
softened condition, continuing to press it in proportion as 
its compactness increases, and brings it to the state of den­
sity that is necessary in order to put it out of reach of all 
alteration. (10) 
Jenkins, reporting in 1884 the experience of farmers in England with 
ensilage, recognized the interrelationship of chopping, maturity of the 
crop, and compaction. On this he said: 
As to chopping, it is generally held, that while not 
absolutely necessary, it is very desirable because it enables 
a large quantity of fodder to be gotten into a given space 
and also because (doubtless in consequence of the greater 
density of the mass) it facilitates the expulsion of the air 
from the silo. While agreeing with this general dictum, I 
must mention at once that my investigations have convinced 
me that no general rule can be laid down with regard to 
chopping, treading, or weighting per se. They must be taken 
as an indivisible trio, and even then the prudent farmer will 
carefully regard the state of his crops before he decides 
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upon his precise mode of action - that is to say, if he wishes 
to obtain the best results. (11) 
Although many unique approaches to consolidation of silage such as 
weighting, treading, and pressing in various ways were tried, perhaps the 
simplest and most satisfactory solution wa.s the use of an upright silo. 
In the upright silo the compaction problem became much less critical. 
The weight of material placed in the tall, cylindrical silos was suffi­
cient in itself to consolidate the mass and bring about good quality 
silage. By 1900 upright silos were used almost exclusively. (18) 
In recent years, two trends in agricultural practice have revived 
the horizontal silo and with it the problem of silage compaction. One of 
these is the increase in the use of legumes for silage. The other is the 
mechanization of silage operations. 
The use of legumes for silage has arisen through increase of these 
crops in rotation as part of land management programs. Mechanization of 
silage operations has resulted from the recognized need for cost reduc­
tions in all farm operations. 
Legumes are high in protein and carotene content. As ensilage they 
make an excellent quality feed if properly prepared. However, they are 
low in the carbohydrates that are needed for fermentation and the produc­
tion of acids required for preservation of the forage. Under conditions 
of poor compaction that do not exclude oxygen from the mass, rapid growth 
of molds, yeasts, and bacteria produce butyric acid and will greatly 
reduce the value of the silage. 
The horizontal silo is well suited to a highly mechanized system of 
harvesting, storing, and handling of forages. It fits well with efficient 
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ways of filling and feeding silage and can be constructed at relatively 
low cost. It retains, however, the originally recognized disadvantages 
of requiring careful management of the ensilage operation and special 
efforts in compaction of the forage. 
Increasing use of horizontal silos to satisfy the need for cheaper 
storage structures better suited to mechanized operations calls for a re­
examination of the silage compaction problem. The problem remains the 
same; mechanical manipulation of the silage mass to assist the biological 
processes. Modern technology has had little impact on approaches to the 
problem. Treading is now done by tractor, rather than by horse, but unit 
pressures developed under a tractor are about the same as the unit pres­
sure under a horse. The results are also about the same - loss of silage 
quality and value due to insufficient consolidation. 
It was previously indicated that compaction is more critical in 
ensiling legumes than in ensiling corn or forage crops high in carbo­
hydrates where a desirable fermentation proceeds readily. Compaction has 
a beneficial effect on the fermentation in legumes. The magnitude of the 
effect of compaction on silage quality has been the subject of experimen­
tal investigations by Allen and Ward (1) that are summarized in Table 1. 
They show that increased acidity resulted from heavier compaction. 
Greater preservation of carotene also was observed at higher levels of 
compaction. These data point to a definite and pronounced effect on 
silage quality attributable to compaction. 
The extent to which better compaction techniques could improve silage 
quality in horizontal silos may be estimated from a comparison of quality 
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in horizontal silos with that in upright silos. Such a comparison has 
been made by investigators at South Dakota State College (8, 18), The 
comparison in Figure 1 shows that quality is reduced in areas of a 
horizontal silo where it is difficult to compact the silage. Quality is 
related to the density of the silage attained in the storage structure. 
Areas of high bulk specific weight (Figure 2) for tower and horizontal 
silos correspond to areas of good silage quality (13). A horizontal silo 
of volume equal to an upright silo would yield only about half as much 
excellent quality silage. On this basis the margin of improvement that 
might be made in the value of a horizontal silo is large enough to justify 
considerable effort in study of physical factors affecting silage quality. 
The review of literature reported here was completed in 1957. 
Subsequent examination of publications of the 1957 to 1967 period did not 
reveal work on the quantative description of compressive response of high 
moisture grass and legumes for silage which, in the author's opinion, 
should be included. 
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Table 1. Influence of compaction on silage quality 
Constituent Light 
Compaction 
Medium Heavy 
Carotene 
(7/g. DM) 
Total acidity 
(%, DM basis) 
Acetic acid 
(7c, DM basis) 
Butyric acid 
(%, DM basis) 
Lactic acid 
(7o, DM basis) 
NH3-N 
(%, DM basis) 
PH 
58 125 
5.7 
0.86 
0.37 
0.06 
0 . 6 1  
6.93 
9.8 
0.84 
1.55 
0.10 
0.96 
6.00 
126 
10.0 
0.89 
1.87 
0.07 
0.91 
5.48 
Compaction rate 
Heavy 
Med ium 
Light 
Av. lb. settled silage per cubic foot 
40.2 
36.8 
31.2 
*(l,p.l). 
Figure 1. Comparison of silage qualify in horizontal and tower silos 
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Figure 2. Comparison of silage density in horizontal and upright silos 
9 
BULK SPECIFIC WEIGHTS 
POUNDS PER CU.FT 
52 
32 
28 
36 
40 
24% 
44 
„ LL 
20 o 48 
52 
56 
BULK SPECIFIC WEIGHTS 
P O U N D S  P E R  C U . F T  
40 
4^ 
52 
60 
60 
10 
II. STATEMENT OF THE PROBLEM 
Answers to certain key questions are necessary for improvement of 
silage compaction. 
1. How do the characteristics of plant material affect the 
compressive properties of chopped forage? 
2. How are the compressive properties of chopped forage related to 
the consolidation of the material by compaction? 
3. What are the relationships between the magnitude of loads and 
the area over which they are applied that give the most effective 
consolidation of the forage? 
4. In what depth is compaction of chopped forage most effective? 
This study is concerned with the problem of developing a quantitative 
description of the response of a layer of chopped forage under compressive 
load that will be useful in answering these questions. 
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III. INVESTIGATIONS 
The behavior of chopped forage materials under compressive loads was 
investigated to provide the basis for a quantitative description of the 
response of the material under a variety of conditions with the ultimate 
objective of predicting compaction of chopped forage under vehicular load­
ing in making silage. The study was conducted in several parts. First, 
the deformation of beds of chopped material under loads applied to circu­
lar plates was investigated. Secondly, the elastic recovery of material 
compressed in this manner was examined. Third, the pressure transmitted 
through the material under circular plate loading was studied. Finally, 
compaction under wheeled and track vehicles was observed. Each of these 
investigations will be described in terms of the analysis involved, 
experimental procedures used in the investigations, and the results 
obtained. 
A. Compression under Circular Plates 
The compression of a bed of chopped forage under loads applied to 
circular plates was investigated to determine the effect of magnitude of 
load, diameter of plate, and depth of layer on the deformation of the bed. 
Figure 3 shows diagrammatically the loading of a layer of initial 
height, hg, of chopped material by a circular plate of diameter, D, bear­
ing a load P. A dimensional analysis of the variables involved in this 
situation was followed by an experimental investigation from which a 
functional equation relating the variables could be determined. 
Figure 3. A layer of chopped forage under circular plate loading 
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1. Dimensional analysis 
Experimental investigations on the compaction of soil have uncovered 
certain relationships between deformation of the soil surface and such 
variables as pressure, size of pressure area, and the thickness of the 
layer under compression. Osterberg (12), in work on the bearing capacity 
of soils, showed that size of the bearing surface, as well as the unit 
pressure applied, influenced deformation of the surf acre. The work of Gill 
and Reeves (9) on compaction patterns of smooth rubber tires indicated 
that the dynamic action of rolling tires showed a similar relationship 
between unit pressure and the area over which it was applied. Sowers and 
Gulliver (16), in termining proper size of tamping feet for soil compac­
tion, concluded that increasing the ratio of diameter to layer thickness 
will increase soil density for a given foot pressure. They also found 
experimentally that compacted density is a function of foot diameter. At 
low values of the ratio of foot diameter to layer thickness, largest feet 
produced the highest density, and at high values of this ratio, the 
smallest feet produced the highest density. 
There are some similarities between soil and chopped forage material. 
Neither is a truly elastic material, according to the Hookean definition, 
but rather they are anisotropic materials; that is, they exhibit different 
stress strain relationships in different directions. In initial stages of 
compression, a portion of the deformation is a result of the collapse of 
fortuitous structures. Both soil and chopped forage adjust to load 
through an arch action that distributes the load differently through 
material of this type than through continuous elastic media. 
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Since similarities exist between the two materials, it is possible 
that similarities exist in the relationships among deformation, pressure, 
area, and layer height under compression. Knowledge of these relation­
ships could be important in achieving better compaction of silage. 
The variables affecting the deformation of a bed of material may be 
grouped according to those associated with the physical configuration, 
those associated with the loading and operating conditions, and finally 
those associated with the properties of the material to be compressed. 
From Figure 3, variables associated with the physical configuration 
of the compression scheme are the initial height and the compressed height 
of the layer of material and the diameter of the loading plate. The 
variables associated with the loading and operating conditions are the 
magnitude of the applied load, the time from load application until 
deformation of the bed is measured, and the acceleration of gravity. 
Although difficult to define quantitatively, such variables as type 
and composition of material, length of cut, maturity of plant tissue, 
orientation of the pieces of material within the mass, moisture content 
(particularly that moisture on the surface of the plant-tissue), and 
initial bulk specific weight each may be presumed to have an effect on the 
response of the material under compressive loads. It seemed possible that 
a compression modulus for chopped forage material, analogous to Young's 
modulus relating load to strain of finite dimensions, could be found that 
would embrace all of these variables and express the response of any 
particular material to compressive load quantitatively. Thus, in Table 2 
variables entering the problem are listed and compression modulus is 
Table 2. Variables affecting deformation of a bed of chopped forage 
under circular load 
Symbol Variable Dimensions Units 
h Compressed height of layer L inches 
^0 Original height of layer L inches 
P Applied load F pounds 
D Diameter of plate L inches 
t Time from load application T seconds 
S Acceleration of gravity LT-2 
inches 
2 
second 
Cm Compression modulus of material FL'^ 
pounds 
inch^ 
introduced representing the variables associated with the material. 
Table 2 also contains a consistent set of units for the variables that 
were used in subsequent experimental work. A general equation for the 
compressed height of a layer of chopped material subjected to a circular 
load can be stated as 
h = f (h^, D, P, g, t, CJ (1) 
Since equations representing physical phenomena are, in general, dimen-
sionally consistent, this condition can be used to group the variables 
and reduce the number of quantities that must be varied experimentally 
to evaluate the functional relationship. The number of dimensionless, 
independent quantities required to describe a phenomenon is equal to the 
1^-7 
number of variables less the number of basic dimensions in which the 
variables are expressed. In this study four dimensionless terms are 
required. A set of such terms is 
h P D Et^ 
The general equation can now be rewritten as 
To evaluate this general functional equation, it was first necessary 
to define, and determine experimentally, a compression modulus useful in 
characterizing response of the material to compression and then to deter­
mine the functional relationships between the dimensionless quantities in 
the general equation. 
2. Experimentation 
a. Compression modulus Equipment and procedures were developed 
for a compression test of chopped forage. These tests were run on the 15 
different batches of chopped forage listed in Table 6, Appendix A, to 
determine a compression modulus for the material. The experimental 
arrangement for compressing the chopped forage is shown diagrammatically 
in Figure 4. The equipment consisted of a cylindrical mold six inches in 
diameter constructed of two semicircles of sheet metal held by four clips. 
The mold was filled with chopped material as shown in Figure 5. A six-
inch-diameter compression disk was used in the movable head of the 
20,000-pound Tinius Olsen testing machine, located in the Theoretical and 
(3) 
Figure 4. Compression of a column of chopped forage 
19 
MOVABLE HEAD OF 
TESTING MACHING. 
, I 
Ho 
zu 
Applied Mechanics Laboratory of Iowa State University, to apply load to 
the chopped material. Material to be tested was chopped at the Agricul­
tural Engineering farm and tested in the laboratory within one hour. 
Two and one-half pounds of material were weighed and placed into the mold. 
The mold was then placed in the testing machine and the head was lowered 
until the height of the column of grass was 8.86 inches (Figure 6). The 
mold was then removed and the load-indicating beam was balanced to zero 
load. The grass remained well shaped in cylindrical form as shown in 
Figure 7. Load was then applied to the column by moving the head downward 
at a constant rate of 0.19 inch per minute while keeping the load arm 
continuously balanced by movement of the counterweight. Simultaneous 
readings were made of load and column height. Loads were measured to 
one-half pound and column height was measured to 0.01 inch. Figure 8 
shows the result of compression of the column. Values of P/A and h/h^ 
resulting from these tests are shown in Table 7, Appendix A, for each of 
the 15 different lots of material. 
In developing an expression relating the deformation that occurred 
in these tests to the pressure that was applied, it is necessary to 
consider the selection of a measure of deformation. In work with elastic 
bodies a distinction is made between infinitesimal strains and finite 
strains or deformation. Unit strain classically is defined as the change 
in length per unit of original length. In terms of notation used with 
the column of chopped forage, this definition would be written as 
Figure 5. Material in form for compression test 
Figure 6. Form containing material placed in testing machine 

Figure 7. The column of grass reading for loading 
Figure 8. The column of grass greatly compressed 
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where h^ = the original height of the column 
h = the height under load. 
Negative values indicate compressive strain. This expression is known as 
the Cauchy measure of strain and is commonly applied to infinitesimal 
strains. Other measures of deformation are used for finite strain. Every 
function of h/h^ that meets three conditions may be used as a measure of 
strain. These conditions are: 
1. The function must vanish when h/h^ equals 1, that is, when h 
equals h^ and there is no change in form or volume. 
2. The function must reduce to Equation 1 when (h/h^) - 1 is 
infinitesimal. 
3. The function must be dimensionless. (13) 
There are several functions that meet these conditions. The Hencky 
measure (13) of finite strain is defined as 
= In (h/hg) (5) 
This expression is sometimes called true strain. 
The Swainger measure (13) of strain or deformation is defined as 
(6) 
The Green measure (13) of strain is defined as 
(7) 
The Almansi measure (13) is defined as 
zo 
h^-h ^ 
«A = 5- (8) 
The Hencky relationship is useful where the change in length of an 
element, with respect to stress, is proportional to the length of the 
element. 
The Swainger measure resulted from investigations of large deforma­
tions of metals. The Green and Almansi measures were derived from 
theoretical considerations of finite deformation in which elements of the 
strained body undergo finite displacements. (2) 
Data from a typical loading test were used to compute strain or 
deformation by each of these definitions. Values contained in Table 9, 
Appendix A, were plotted against applied pressure on logarithmic 
coordinates. Each showed a linear relationship at higjh pressures and a 
marked deviation from a straight line in the low-pressure region as shown 
in Figure 9. Data in the form of the Almansi strain measure was linear 
over a greater range of pressure than the other measures and was thus 
selected as the measure of deformation to be used in defining the 
compression modulus. 
The pressure deformation curve is represented by the equation 
PA = (9) 
where represents compressive deformation defined so that compressive 
strain has positive values. 
An expression defining the complete curve would require the addition 
of terms that would increase its magnitude in the low-pressure region and 
Figure 9. Comparison of various strain measures 
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be negligible at the higher pressures. This requirement reflects the 
distinctively different response of the material where little deformation 
has occurred compared with its response after appreciable deformation has 
taken place. For example, at first the load collapses fortuitous struc­
tures and orients pieces into horizontal planes. Later the load deforms 
individual pieces. The range of pressures included in the straight-line 
portion of the curve represents the area of practical interest in the 
silage compaction problem. 
Data from each of the compression tests were fitted by a curve of 
the form of Equation 9 and values for and k were determined. Table 8, 
Appendix A, contains a summary of these values. The values of k for the 
tests varied in a narrow range with a mean of 1.49 and a 95 percent confi­
dence interval of 1.45 to 1.53. No trends in the variation of k were 
noted as a function of the properties of the material. However, showed 
marked variation with properties of the material, particularly moisture 
content. Hence, a compression modulus that relates stress to deformation 
in a mass of chopped forage and is related to the complex properties of 
the material is defined for further use. 
The magnitude of is related to the condition of the material at 
the start of the test. The test procedure was such that the bulk specific 
weight was the same for each material in every test. An expenditure of 
energy was required to attain this condition with some materials and care 
was taken with others in filling the mold to keep sufficient volume. The 
bulk specific weight, therefore, was constant, but the dry bulk specific 
weight varied for each material. Recognizing that porosity of chopped 
30 
forage is related to moisture content and to dry bulk specific weight 
through an empirical relationship developed by Day (7), values for the 
initial porosity were computed for each test. The equation used was 
= 100 - (3 + 0.05 M) b (9A) 
where Pq = initial porosity - percent, 
M = moisture content percent, 
b = initial dry bulk specific weight. 
A high correlation was found between the values of and the computed 
values of initial porosity. Figure 10 shows a plot of the data. The 
relationship between the compression modulus and the initial porosity is 
given by the expression 
= 17.3 - 0.215 Pg (9B) 
The relationship among C^, moisture content, and initial dry bulk specific 
weight is obtained by substituting Equation 9A into Equation 9B, which 
gives 
Cjjj = 0.215 (3 + 0.05M) b - 4.20 (9C) 
Although effects of all of the separate variables associated with the 
material have not been isolated, Equation 9C provides a means of estab­
lishing a compression modulus for other tests through the moisture content 
and initial dry bulk specific weight, which are in themselves functions of 
a composite of characteristics of the material. 
b. Plate studies Experimental investigations were conducted to 
obtain data for the evaluation of the functional relationship represented 
Figure 10. Relationship of compression modulus to initial 
porosity 
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by the general Equation 3. These experiments utilized equipment and 
procedures developed to measure the deformation of a bed of chopped 
forage subjected to loads applied to circular plates. 
Equipment Four rigid circular plates were constructed of 
plywood and sheet steel as shown in Figure 11. These plates were 5, 10, 
15, and 20 inches in diameter. A system for loading the plates was 
developed in which a guided bearing stem and a rack mounted on a tractor 
fork lift held seven steel weights (Figure 12). The bearing stem, shown 
more clearly in Figure 13, was constructed of steel pipe and contributed 
60 pounds to the load. The steel weights, weighing 250 pounds each, were 
supported in the rack by pins. Lowering the fork lift transferred the 
load of the weights one at a time to the bearing stem so that load could 
be increased in increments of 250 pounds up to a total of 1,750 pounds. 
Chopped forage was weighed at the test site, as in Figure 14, and placed 
into the form, shown in Figure 15, for the tests. The form covered a 
surface area of 42 inches by 62 inches and was 12 inches deep, with a 
second 12-inch section that could be added so that either 12- or 24-inch 
depths of material could be established. The form was placed over a 
rigidly constructed floor that served as a base for the layer of the 
material. 
Procedure In these tests, 250 to 300 pounds of freshly cut 
material, chopped with a direct-cut flywheel chopper set for a theoretical 
length of cut of 5/8 inch, was placed in the form and leveled to a 12-inch 
layer as shown in Figure 13. For a 24-inch depth slightly more than twice 
the weight of material was used. In a given set of tests where four 
Figure 11. Pressure plates 
Figure 12. Loading system 
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Figure 13. Loading system 
Figure 14. Weighing chopped forage 
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different sizes of plates were to be loaded on to the same type of 
material, the material was removed from the form and replaced with fresh 
material prior to loading each plate. 
After the form had been filled, the plate was carefully placed on 
the surface of the bed and the fork lift was lowered until the weight of 
the bearing stem was carried by the plate. After the vertical position 
of the plate was measured, the fork lift was again lowered until the load 
of the lower weight in the rack was carried on the stem. After the posi­
tion measurement was taken, the lift was lowered until the load of the 
second weight was carried on the stem. This procedure was continued 
until all of the weights had been placed on the stem. The compressed 
material is shown in Figure 16. As each load was added a time interval 
was allowed before the position measurement was made. For the 12-inch 
depth of the layer, the measurement was made after 30 seconds and for the 
24-inch depth of layer, after 45 seconds. 
2 
The tests were conducted so that P/Ch^ C^) was varied for six dif­
ferent values of D/hg, and observations were made of the resulting h/D. 
Two different materials were used. One was a mature alfalfa-brome 
mixture at 65 percent moisture content and the other was a mature sweet 
clover at 75 percent moisture. Duplicate runs were made for each material 
and Cjjj values were computed from volume, weight, and moisture content of 
the material using Equation 9C. The data from these tests may be found 
in Appendix B. 
Figure 15. Form for placement of chopped forage for circular plate 
loading 
Figure 16. Compression of chopped forage by a circular plate load 

/. 1 
3. Results 
The data were plotted on logarithmic coordinates as shown in Figures 
17, 18, and 19. The data are represented by six straight lines that 
2 
express h/D as a function of Pfhg for six constant values of D/h^. 
The equations representing these lines are listed below. 
/ r, \"0.26 
k= 1.42/—L_\ 5- = 0.208 
h = 1.04 /—L_\ ^ £_ = 0.416 W j  
, / n \"0«26 
- = 0.82/ = 0.625 
- = 0.64 f  ^  \  ° 2 -  =  0 . 8 3 3  (lOA) 
h = 0.55 / F = 1.250 
» C h 2 I h. 
m o 
-0 .26 
à = 0.45 I ^ ] ' 5- =1.667 
D tc h 2 ' •>-
Values of h/D were computed from each Equation lOA at two values of 
2 
P/Ch^ C[j,) equal to 1.00 and 2.50. These values are recorded in Table 11, 
Appendix B. The values were plotted and straight lines on logarithmic 
coordinates resulted that expressed h/D as a function of D/h^ for the two 
2 
different values of P/Ch^ C^) as shown in Figure 20. The equations 
represented by the curves are 
Figure 17. Relationship of h/D to —for two values of D/h 
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Figure 18. Relationship of h/D to —-— for two values of D/h 
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Figure 19. Relationship of h/D to —2— for two values of D/h 
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Figure 20. Relationship of h/D to D/h^ at two constant values of P/(h 
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Since straight line functions were obtained on logarithmic coordi-
2 
nates for h/D as a function of P/(h C ) with D/h constant and also for 
o m o 
h/D as a function of D/h^ with constant, the equation h/D = 
2 
f [P/Ch^ C^), D/h^] can be determined by multiplication of component 
equations. The resulting functional equation is 
2 
^ constant (11) 
o 
2 A 
The value of gt /h^ was held constant at 2.9 x 10 . This value was 
obtained from the 30-second interval before measurement with the 12-inch 
depth of material and the 45-second interval with the 24-inch depth. The 
time for the load to settle to an equilibrium point in the chopped forage 
was on the order of a few seconds and the time intervals selected were 
well in excess of the time required for reaching a stable position. 
Alternative forms of Equation 11 that will be useful in later 
discussions are 
— = 0.60 D°'42 h p-0-26 c 0.26 (i2) 
h o m 
o 
-0 .26  
^m^o 
4.23 -3.85 -0-38 
I = 0.18 ho ' h D (13) 
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B. Elastic Strain Recovery 
The compression of chopped forage is partly an elastic action and 
partly a plastic action. The elastic portion of the deformation is 
recoverable; the plastic portion is more nearly permanent. In the inves­
tigation of compression under circular plates, it was observed that when 
the load was removed from the plate, the material would push the plate up­
ward to a higher equilibrium point. In the problem of production of 
quality silage the important effect of compaction is the deformation that 
remains after the compacting device has been removed. Therefore, this 
investigation was to determine the effects of diameter of circular load­
ing plate, initial depth of layer, and compressed depth of layer on the 
equilibrium depth of the layer after the load was removed. 
1. Dimensional analysis 
Figure 21 illustrates recovery of a layer of chopped forage compressed 
by a load represented by P applied to a circular plate of diameter D from 
its original height h^ to a compressed height h. After the load is 
removed, the material recovers a portion of its deformation and rises to a 
recovered height hg. Recovery is a function of diameter of the impression 
of the compressing plate as well as of the initial and final height of the 
layer of material, and the elastic deformation recovery properties of the 
material. The general equation for the height to which a depressed bed of 
material will recover may be written as hg = f (h^, h, D, g, t, €&). Five 
dimensionless quantities are required to determine the functional relation­
ships. A set of dimensionless quantities that were used in this investiga-
2 
tion is hg/ho, h/ho, D/hg, g/hgt, and C^. Since recovery occurs fairly 
rapidly and the transient time response is not considered here an important 
Figure 21. Recovery of a compressed layer of chopped forage 
•y 
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factor in the silage compaction problem. a compression recovery ratio 
which might be defined as a ratio of plastic to elastic deformation in high 
moisture, chopped forage material, is assumed to be the same for all 
materials examined in this study. The experimental problem becomes one of 
determining the functional equations hg/hg = f (h/hg, D/hg) with gt^/h^ 
and Cr constant. A list of the variables is contained in Table 3. 
Table 3. Variables affecting deformation recovery 
Symbol Definition Dimensions Units 
hs Depth of layer after recovery L inches 
h Depth to which layer was 
compressed L inches 
^o 
Initial depth of layer L inches 
D Diameter of plate L inches 
t Time for recovery T seconds 
g Gravity LT"^ inches/sec^ 
CR Deformation recovery ratio - -
2. Experimentation 
Tests were performed in which h/h^ was varied at two values of D/h^ 
and observations were made of hg/hQ. Tests were also carried out in which 
D/hg was varied for two values of h/h^. In addition to these tests, 
measurements were taken of hg/h^ at constant h/hg and D/h^ in three dif­
ferent materials to determine whether there are effects due to properties 
of the material that are not included in the term h/h^. 
The same equipment and procedure for preparation of the bed and load­
ing of the plates, described in the preceding investigation, were used. 
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Three sets of tests were performed. In the first set, the load was 
placed on the forage for 30 seconds, and the depth of layer was measured. 
The load was removed, and after one minute the recovered height was 
measured. The plate was loaded again, with an additional weight increment 
added, and the same procedure was followed. This type of loading was 
done with the 10- and 15-in-diameter plates. Replicate tests were 
performed for each plate size. In the second set of tests sufficient 
load was added to the plate to compress the layer to a selected depth. 
Again the load was allowed to remain for 30 seconds before the compressed 
height was read. The load was released and after one minute the 
compressed height of layer was measured. This was repeated for each of 
the four pressure plates. The tests were run for each of two selected 
compressed depths of layer. The third set of tests were performed with 
the 10-inch-diameter plate on three different materials. These tests were 
also run for each of two selected depths of layer. 
3. Results 
From the first set of tests described, an equation can be found 
representing h^/hg as a function of h/h^ with D/h^ constant. Figure 22 
shows the curve fitted to the data. The equation is 
From this curve the difference between the data for D/h = 1.25 and for 
D/hg = 0.833 cannot be distinguished. The data from the second tests do 
indicate, however, that D/h^ does have a slight effect on hg/h^ as shown 
0.57 
(14) 
o 
o 
Figure 22. h^/h^ as a function of h/h^ with D/h^ constant 
1.01-
en 
5^ 
O.IQ 0. 
(7^)^=1.25 
ho 
(^)^=0.833 
ho 
J I I I 
1.0 
in Figure 23. The equations developed from these tests are 
0.0927 
= 0.605 
h_ 
~ = 0.33 
h„ 
hg 
7^ = 0.715 
h_ 
0.0927 (15) 
^ = 0.50 
^o 
The two component equations can be combined by multiplication to yield 
the functional equation 
Data on the recovery response as a function of plate diameter, height 
to which layer is compressed, and the compression modulus of the material 
used are contained in Tables 12, 13, and 14, Appendix C. Figure 24 shows 
the effect of compression modulus on strain recovery graphically. 
Concurrent with the investigations of settlement of chopped forage 
under circular loaded plates, pressure transmitted through the layer of 
chopped forage to pressure cells mounted in the supporting floor was 
measured. The objectives of these observations were (1) to determine 
pressure distributions in the chopped material as a function of plate size 
and height of layer, and (2) to provide a means of correlating observa­
tions of settlement of the forage under circular plate loads with those 
of settlement under vehicular compaction. 
(16) 
C. Pressure Transmission under Circular Plates 
Fxgure 23. hg/h^ as a function of D/h^ with h/h^ at two values 
=0.50 
= 0.33 
O./O 
O./O 0.2 0.5 
Figure 24. hg/h^ as a function of compression modulus at two values 
of h/hg 
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1. Equipment 
Strain gage pressure cells were constructed based on a design 
developed by Cooper and Nichols (5). A diagram of the cell is shown in 
Figure 25. Deflection of the thin steel diaphragm under pressure was 
translated into a trace record through the strain gage transducers, 
Brush amplifier, bridge circuit and recorder. The pressure cells were 
mounted flush with the support floor, as shown in Figure 26, in movable 
blocks so that they could be positioned as desired with respect to the 
circular pressure plates. The pressure cells were calibrated in place 
as shown in Figures 27, 2o, and 29. Pressure for calibration was applied 
to the cells by a rubber bladder restrained in a box and was measured with 
a mercury manometer at lower pressures and a bourdon tube pressure gage 
(0- to 60-pounds per square inch) with a 12-inch-diameter face at higher 
pressures (Figure 30). A trace was made of the signal from the pressure 
cells and calibration curves of applied pressure against lines of deflec­
tion of the trace were plotted. 
2. Procedure 
The pressure readings were taken simultaneously with the study of 
settlement under loaded circular plates. Before filling the form with 
chopped material, the pressure cells were arranged with spacer blocks so 
that one cell would be under the center of the circular plate and one 
would be under its edge. The cells were covered with a sheet of poly­
vinyl plastic and the form was filled with chopped forage. A circular 
plate was loaded as previously described and pressures developed on the 
cells were recorded. Two types of materials were used in the test -
Figure 25. Diagram of strain gage pressure cell 
65 
NO S-f-UflLDED 
I : 
I i 
1 
I ! 
.m 
/• 
c # 
^ • 4 
1 
-zf 7}/^ r /?-Af 
I^SA 3"7"yp////,' Ç/)<p£L 
0.02Û STLlL Cc^c..e 
/ 
Figure 26. Pressure cells mounted in floor of silo section 
Figure 27. Placing the bladder over the cells for calibration 

Figure 28, Bladder enclosed in a box over pressure cells 
Figure 29. Applying pressure to the cells 
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Figure 30. Pressure recording instrumentation 

/ ^  
alfalfa-brome mixture and sweet clover. Pressure plates of 5, 10, 15, and 
20 inches in diameter were used. Seven weights, each weighing 250 pounds, 
were placed on the bearing stem. A pressure recording was made after 
each load increment was put on the plate. Tests were made at two 
initial heights of layer. Replicate tests were conducted for each condi­
tion. 
3. Results 
The data taken in these tests are contained in Appendix D. Pressures 
applied by each load increment were computed from the load and area of the 
plate and the duplicate runs were averaged. Pressure measurements under 
the center of the plate were used in Figures 31, 32, 33, and 34. These 
curves show that transmitted pressure is a function of plate diameter, 
initial depth of the layer, and properties of the material as well as of 
the applied pressure. Figures 35, 36, and 37 were developed from informa­
tion taken from the pressure curves. A transmission ratio, defined as the 
ratio of transmitted pressure to applied pressure was computed for points 
of constant pressure on the curves. The relationship between transmission 
ratio and plate diameter appears to be a function of initial depth of 
layer and properties of the material. The general relationships, which 
can be seen in Figures 35, 36, and 37, are (1) transmission ratio 
increases with increasing plate diameter and (2) transmission ratios are 
higher for 12-inch initial depths of material than for 24-inch depths at 
a given diameter. Transmission ratios at a given diameter and depth of 
material are higher in materials of high compression modulus. 
Figure 31. Pressure transmitted through a layer of chopped forage 
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Figure 32. Pressure transmitted through a layer of chopped 
forage 
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Figure 33. Pressure transmitted through a layer of chopped forage 
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Figure 36. Relationship between transmission ratio and plate diameter 
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D. Compression under Dynamic Loading 
Vehicular loading of a bed of chopped forage material differs from 
circular plate loading in that horizontal and vibratory forces, as well 
as vertical forces are applied to the material. Distribution of vertical 
force is not uniform over the contact areas. The preceding work was to 
predict the amount of compaction or deformation of the surface of a bed 
of material from the relationships that were developed. In this section 
predictions are made of the compaction of wheel and track-type tractors 
and experimental measurements of consolidation by these types of tractors 
are made for comparison. 
1. Prediction of deformation due to tractor loads 
An equation can be developed for predicting the deformation of a bed 
of chopped forage due to the application and removal of a circular plate 
load applied to the forage by combining Equations 12 and 16. The 
resulting prediction equation is 
0.33 0.15 
& = 0.83 2a (17) 
ho p0.15 h^0.03 
In predicting deformation of chopped forage under vehicular loading, 
it is necessary to define and evaluate an equivalent diameter that can be 
used in this equation to represent the imprint area of the tire or track. 
It was possible to measure pressure transmitted to pressure cells under 
the layer of chopped material for both circular plate and vehicular load­
ing. Hence, a relationship can be established between the tractor load 
and a circular plate that would produce similar pressure transmission. 
SA 
An equivalent diameter is defined for this purpose as the diameter of a 
circular plate that, with a load equal to the tractor wheel or track 
reaction, would produce equal pressure on a layer of chopped material. 
An equivalent diameter was established for the wheeled tractor and 
the track-type tractor used in this investigation by driving them over a 
bed of chopped grass whose compression modulus was 2.14 and height of 
layer was 12 inches. Pressures measured under the two tractors were, 
respectively, 14.5 and 19.5 pounds per square inch. The wheeled tractor, 
an International 350 with 12-38 tires loaded with weights on the draw bar, 
had a wheel reaction of 3,250 pounds. The crawler tractor was an 
International T-6 with a track width of 14 inches and a reaction on each 
track of 5,000 pounds. 
Assuming various diameters and using the wheel and track reactions, 
assumed applied pressures can be computed and compared with the observed 
transmitted pressure to give a transmission ratio. Thus, a curve can be 
plotted of assumed diameter vs transmission ratio. This curve can be 
superimposed on the curve of transmission ratios measured for circular 
plates of various diameters at the same depth and compression modulus 
values. Intersection of the two curves is the point at which assumed 
diameter and circular plate diameter give the same transmission ratios. 
The diameter, at this point, is taken as the equivalent diameter. 
Figures 38 and 39 depict the intersection of these curves, and show an 
equivalent diameter of 13.3 inches for the wheeled tractor and 14.6 inches 
for the track-type tractor. Data represented by these curves are 
contained in Tables 18 and 19, Appendix D. 
Figure 38. Equivalent loading diameter for wheeled tractor 
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Figure 39. Equivalent loading diameter for track-type tractor 
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The equivalent diameter of 13.3 inches for the tractor tire gives an 
area that closely approximates a measured imprint of the tire of 140 
square inches. For the track, however, the measured imprint area, 14 
inches wide and 42 inches long, gave 588 square inches of contact area. 
The 14.6-inch equivalent diameter of plate results in only 165 square 
inches. The discrepancy here may be explained in terms of difference 
between a rectangular imprint and a circular imprint and suggests that the 
narrow width of the track has more influence on pressure transmission in 
chopped forage than does the total area of load application. 
Predicted values were computed from Equation 17 using the selected 
equivalent diameters of plates and are shown in Table 4 for two materials 
Table 4. Observed and predicted values of hg/h^ for dynamic loading 
Initial height of layer 
Material Load 12 inch 24 inch 
Observed Predicted Observed Predicted 
Mature alfalfa 
64.7% moisture track 0.56 0.59 0.57 0.58 
wheel 0.62 0.61 0.62 0.59 
Immature alfalfa 
77.2% moisture track 0.53 0.55 0.51 0.54 
wheel 0.59 0.57 0.67 0.55 
used in tests in which deformations resulting from tractor loading of the 
bed were measured. 
2. Experimentation 
The silo area that had been used for the pressure plate tests was 
also used for the dynamic loading tests. The loading rack used in previ­
ous tests was removed and the area cleared so that the tractors could be 
driven over the test area. The forms and weighing equipment were used 
and a bed of chopped forage either 12 or 24 inches in height and of known 
initial bulk specific weight could be established. The pressure cells 
were used to obtain readings as the tractor moved over the bed. One cell 
was under the center of the path of the track and the other was spaced 5 
inches from the center of the path. A wheel tractor and a crawler tractor 
were used for the loading. The wheel tractor, an International 350, was 
loaded with 1,750 pounds of vertical load on the drawbar. The vertical 
wheel reaction was measured as 3,230 pounds. When an International T-6 
crawler tractor with blade was used the load on each track was estimated 
as 5,000 pounds. 
The bed of chopped forage was established as previously described. 
The wheel or track under test was aligned to pass over the center pressure 
cell, and was driven over the bed of material at approximately 1.5 feet 
per second. Pressures were recorded as the tractor moved over the cell. 
Figures 40 and 41 show the tractors approaching the bed. Figures 42 and 
43 show the tractors on the bed. 
The depression in the surface of the bed was measured one minute 
after the tractor was off the bed as shown in Figure 44. The distance 
measured was to the highest point in the center of the track. Depressions 
made by treads or lugs were avoided in making the measurement. 
Figure 40. Wheel tractor approaching the bed of chopped forage 
Figure 41. Crawler tractor approaching the bed of chopped forage 

Figure 42. Wheel tractor on the bed 
Figure 43. Crawler tractor on the bed 
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Figure 44. Measurement of the depression made by a tractor tire in a 
bed of chopped forage 
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Tests were run for two materials and at two initial depths of layer. 
The materials were (1) chopped, leafy immature alfalfa at 77.2 percent 
moisture and (2) chopped, mature alfalfa at 64.7 percent moisture. Runs 
wère made at 12- and 24-inch heights of layer. 
Magnitude of the depression increased with repeated loading. There­
fore, several passes were made with the tractors, with the amount of 
depression being recorded each time until no further increase was noted. 
3. Results 
The data obtained in these tests are recorded in Appendix E. Values 
of hg/hg, in Table 4 are compared with predicted computed values. 
The predicted values compared rather closely with the observed 
values. It should be noted from Table 4 that the predicted values follow 
changes in observed values due to changes in loading and material charac­
teristics . 
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IV. DISCUSSION OF EXPERIMENTAL RESULTS 
A. Compression Modulus 
A modulus of elasticity or compression modulus has not previously 
been determined for chopped forage material. Treitel (17) compressed 
individual cylindrical sections of stems in the transverse direction and 
constructed force-deflection diagrams composed of what he termed an 
elastic deformation and a plastic deformation. His tests with a number 
of different types of material demonstrated that the relationship of 
plastic deformation to load was linear and the elastic deformation 
approached a limiting value with increasing force. He concluded that the 
stress-strain function of individual pieces of material cannot be 
considered as following Hookes Law. The data were not extensive enough to 
develop a compression modulus for use in studies of compaction of grass. 
A test to determine such a compression modulus was developed after a 
considerable search for an appropriate characterization of the variables 
associated with the compressive properties of chopped forage. Various 
species of grasses and legumes at different stages of maturity and mois­
ture content were subjected to the test, in which change in linear 
dimension of an unrestrained column of the chopped material was measured 
as load was added. The data resulting from these tests were examined in 
various forms. Curvilinear plots on rectangular or logarithmic coordi­
nates indicated the need for a multi-component equation to fit the data. 
In examining various definitions of finite strain or deformation, it was 
found that deflection data in the form of the Almansi strain definition 
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could be fitted over almost the entire range of compression by an expo­
nential curve involving only a single coefficient and an exponent. The 
exponent was found to be relatively insensitive to variations in the char 
acteristics of plant material under conditions of the test, and the 
coefficient showed marked correlation with material characteristics, 
particularly initial porosity of the material as computed from moisture 
content and bulk specific weight of material used in the test. Thus it 
seemed appropriate that a compression modulus be defined as the coeffi­
cient, C^, in the equation P/A = e^ where e is defined as the Almansi 
A material with a high compression modulus is one in which higher 
stresses will need to be developed to produce a deformation equivalent to 
that attained in a material with a lower compression modulus. The higher 
compression modulus is associated with lower moisture content, partly 
because of the greater difficulty of attaining the required wet bulk 
specific weight. In addition, it is no doubt also attributable to the 
greater rigidity of the individual pieces of the drier material. 
Tests in which a bed of chopped forage was compressed by the applica­
tion of load to a circular rigid plate led to the development of a 
prediction equation for the ratio of the compressed to the uncompressed 
height of the layer as a function of various critical variables. The 
equation is 
strain. 
B. Compression under Circular Plates 
— = 0.60 d' 
bo 
0.42 
h 
o 
0 .10  -0 .26  0 .26  
P C„ (12) 
This equation shows that, for a given load, greater settlement will occur 
under smaller diameter plates than under larger ones. In addition, it 
can be seen that for equal applied pressure, settlement under larger diam­
eter plates will be less than settlement under smaller plates although the 
difference is not great. The ratio of settlement of a large plate to a 
small plate under equal applied pressure is expressed by the factor 
(^large/^small)^ This factor represents an effect of plate perimeter 
on compression. 
When the load is removed from a circular plate compressing a layer of 
chopped forage, a part of the deformation is recovered. In a short time 
the depressed surface rapidly rises to a consolidation height, h^. An 
equation was developed to describe this elastic recovery of the material. 
The equation is 
This equation shows that the height to which a compressed bed will 
recover after removal of load depends strongly on the height to which it 
was compressed under load. The greater the amount of compression, the 
less the recovery to be expected. 
Equation 12 expressing the amount of compression under loaded plates 
has already been determined and can be combined with Equation 16 to give 
one expression for the consolidation of chopped forage as a result of 
application and removal of a load applied to a rigid disk. This equation 
C. Elastic Strain Recovery 
(16) 
105 
is 
(17) 
p0.15 h 0.03 
o 
The height of recovery can be seen to depend inversely on applied 
pressure and directly on compression modulus. For a given load, smaller 
plates will compress chopped forage to greater depth and less of the 
compression will be recovered by the material. However, for equal applied 
pressure equal recovery can be expected. The equation also shows that 
for material of high compression modulus, less compaction can be expected 
because of the greater resistance to compression under load. 
Pressures were measured under beds of chopped forage material com­
pressed by weights applied to circular plates. These measurements were 
made directly under the center of the edge of the plates for two differ­
ent types of material at two different heights of layer. The relationship 
of transmitted pressure to applied pressure was strongly dependent on 
depth and type of material involved in the tests. Average values of pres­
sure in the various tests produced reasonably smooth and consistent sets 
of curves showing the relationship of transmitted to applied pressure. 
Transmission ratios computed from these data also show consistent trends 
as seen in Figures 35, 36, and 37. 
A comparison of transmission ratios under the plates and at the edge 
of the plates as seen in Table 5 varies to such an extent that little 
information is gained concerning the distribution of pressure at the base 
D. Pressure Transmission 
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Table 5. Pressure transmission through chopped forage 
Average transmission ratio 
12 inch depth 24 inch depth 
Material Plate 
diameter 
inches 
Under 
center 
of plate 
Under 
edge 
of plate 
Under 
center 
of plate 
Under 
edge 
of plate 
Alfalfa- 5 0.26 0.10 0.05 0.04 
brome 
10 0.33 0.36 0.16 0.18 
15 0.43 0.45 0.26 0.20 
20 0.54 0.44 0.41 0.37 
Sweet 5 0.34 0.12 0.14 0.05 
clover 
10 0.51 0.48 0.17 0.15 
15 0.85 0.37 0.29 0.21 
20 0.54 0.66 0.38 0.29 
of the layer of material. It is felt that the major source of this varia­
tion lies in the sensitivity of the pressure cell to condition of the 
material pressing on it. A large, woody stem bearing on the diaphragm of 
the cell could cause readings significantly different under one condition 
than might be recorded in a test under the same conditions in which the 
cell responds to pressure distributed more evenly by a cushioning layer 
of finely divided leaves. 
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E. Dynamic Loading 
Predicted values of the ratio of consolidated height of layer to 
initial height of layer of material compressed by tractors are compared 
with measured values of the ratio for various conditions in Table 4, page 
93. These predictions were made by using Equation 17 and substituting an 
equivalent diameter for plate diameter derived from a consideration of 
wheel and track reaction loads, and measured pressure transmission ratios. 
Examination of Table 4 reveals close agreement between predicted and 
observed values of consolidation and tends to establish the validity of 
the prediction technique. 
Examination of Equation 17 indicates that greater consolidation is 
obtained from a given load when applied to smaller-diameter plates or 
smaller equivalent diameter wheeled or track-type tractors. The equiva­
lent diameters for both of the tractors used in this study are not greatly 
different from wheel and track widths. Experimental evidence indicating 
that this relationship holds for larger or smaller widths was not 
obtained in the present study. However, assuming that the relationship 
does hold, use of narrow-wheeled vehicles for consolidation of chopped 
forage would be indicated. 
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V. SUMMARY AND CONCLUSIONS 
An equation for the prediction of magnitude of compression and con­
solidation of layers of chopped forage material, when load is applied by 
rigid circular plates, was developed experimentally. The material was 
characterized by a compression modulus related to change with load of the 
height of an unrestrained column of material and highly correlated with 
initial dry bulk specific weight and moisture content. 
In a limited examination of vehicular compression, it was found that 
the equation can be used to predict consolidation of a bed of material 
when an equivalent diameter for track or wheel is substituted for plate 
diameter. The equivalent diameter was determined by relating applied 
pressure and transmission ratio observed for the vehicle to those observed 
for rigid plates. 
Conclusions derived from this study are: 
1. Compression of chopped material under plate load exhibited an 
effect of plate diameter above that of determining area of load applica­
tion. Application of load to large-diameter plates results in less 
compression of the material than load applied to small plates at equal 
applied pressures because of edge effects. 
2. Consolidation of the bed, that is, deformation of the bed unre-
covered after load removal, was dependent on applied pressure, compressive 
properties of the material, and to a lesser degree on diameter of plate 
and initial height of layer. A given applied pressure would result in 
slightly more consolidation if applied to a small plate on a thin layer. 
3. Material was therefore best consolidated by developing high 
pressures on the material. Narrow tracks, wheels, or plates should be 
more effective for a given load than wide areas of application. 
4. Material with high moisture content had low compression modulus 
and was more easily compressed. A treatment of material that will reduce 
the compression modulus will improve consolidation of that material. 
5. Although more consolidation might be expected in layers of 
lesser height, the effect is slight and the problem of leaving the 
compacted material undisturbed as load is removed becomes critical in 
silage compaction. Since effects of this nature were not studied, 
optimum height of layer for silage consolidation by tractor cannot be 
determined from this study. 
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VI. SUGGESTIONS FOR FURTHER STUDY 
This study leaves many questions unanswered in the mechanics of 
silage compaction and hence in the knowledge required for attainment of 
the ultimate goal of development of adequate techniques of silage compac­
tion. Among those questions of greatest importance in leading to ultimate 
solution of compaction problems, I would list the following: 
Determination of the extent to which the compression modulus of 
forage material can be modified by various techniques such as steam 
blanching or addition of moisture or detergent-like materials to facili­
tate rapid consolidation. 
Determination of the effectiveness of vibratory load application 
in the compacting of silage. 
Determination of a parameter similar to a Poisson's ratio that, 
combined with the compression modulus, will allow analytical evaluation 
of pressures developed in various silage compaction situations. 
Development of techniques for measuring pressures in a mass of 
silage resulting from load application. 
Development of a field technique for rapid determination of 
compression modulus for a wide variety of conditions of material. 
Determination of the relationships between wheel and track width 
and imprint areas to equivalent diameter of compression plate to extend 
the usefulness of the prediction equation. 
Determine the effectiveness of repeated load application as a 
function of time with particular emphasis on improvement of silage 
quality. 
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IX. APPENDIX A. DATA FROM TEST ON DETERMINATION OF COMPRESSION MODULUS 
Table 6. Description of materials used 
Cutting Maturity 
Type of 
material 
Moisture 
content 
Length 
of cut 
machine 
setting 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
2 
2 
1 
1 
1 
1 
2 
2 
2 
1 
1 
2 
2 
2 
1 
1/2 bloom 
1/2 bloom 
Past full 
Past full 
Past full 
Past full 
Full bloom 
Full bloom 
Young 18" high 
No bloom 
Full bloom 
Full bloom 
3/4 bloom 
1/10 bloom 
Past full 
Alfalfa 70.5 
Alfalfa 70.5 
Alfalfa brome 57.0 
Alfalfa brome 57.0 
Sweet clover 66.8 
Sweet clover 66.8 
Alfalfa 70.9 
Alfalfa 70.9 
Alfalfa 82.1 
Weeds 80.0 
Weeds 80.0 
Alfalfa 72.8 
Alfalfa 76.0 
Alfalfa 69.7 
Alfalfa brome 57.2 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
5/8 
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Table 7. Compression test data 
Material 
B 
h/ho e^ P/A h/h e^ P/A h/h^ e^ P/A 
1.00 0.00 0.00 
0.97 0.04 0.23 
0.87 0.12 0.34 
0.75 0.38 0.71 
0.68 0.58 0.99 
0.62 0.77 1.65 
0.55 1.16 2.62 
0.49 1.64 4.54 
0.44 2.16 6.26 
0.40 2.80 10.00 
0.36 3.42 14.4 
0.32 4 .42 19 .7 
0.31 4 .74 21 .8 
0.30 5 
00 
25 .4 
0.28 5 .63 29 .5 
0.27 6 .13 33 .4 
0.26 6 .58 36 .2 
0.26 6 .80 38 .7 
0.25 7 .34 45 .4 
0.24 7 .75 47 .9 
0.24 8 .15 50 .7 
0.23 8 .90 58 .4 
0.22 9 .55 65 .7 
0.22 10 .18 70 .7 
1.00 0.00 0.00 1.00 0.00 0.00 
0.97 0.03 0.05 0.86 0.18 0.19 
0.87 0.17 0.31 0.79 0.31 1.19 
0.68 0.59 1.19 0.71 0.49 2.07 
0.56 1.11 3.00 0.65 0.70 3.47 
0.44 4.03 7.25 0.57 1.02 5.37 
0.35 3.38 16.0 0.55 1.18 6.45 
0.34 3.87 19.3 0.49 1.55 8.94 
0.30 5.08 29.8 0.45 2.00 13.39 
0.28 6.02 38.7 0.38 2.97 22.70 
0.26 6.83 44.4 0.35 3.67 31.60 
0.25 6.96 48.2 0.32 4.32 40.20 
0.24 7.98 57.5 0.31 4.73 45.60 
0.24 8.48 64.9 0.30 5.16 52.20 
0.23 9.28 68.3 0.29 5.63 61.40 
0.28 5.93 65.50 
0.27 6.61 67.40 
0.27 6.25 68.50 
0.27 6.36 70.40 
1 1 6 
Table 7. (Continued) 
Material 
h/ho P/A h/h^ e^ P/A h/h^ e^ P/A 
1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 
0.93 0.08 0.44 0,72 0.46 0.53 0.83 0.20 0.20 
0.67 0.63 2.74 0.69 0.56 0.94 0.72 0.45 0.46 
0.58 1.01 5.54 0.62 0.80 1.75 0.63 0.78 1.10 
0.50 1.47 9.17 0.54 1.19 3.59 0.56 1.11 2.58 
0.45 1.95 13.43 0.47 1.73 6.75 0.50 1.46 4.34 
0.41 2.52 18.12 0.42 2.37 10.96 0.46 1.94 6.93 
0.36 3.42 29.08 0.34 3.73 22.10 0.43 2.22 9.11 
0.32 4.42 43.25 0.31 4.57 30.30 0.36 3.28 16.90 
0.31 4.84 50.65 0.29 5.64 39.80 0.33 4.01 22.36 
0.29 5.27 56.40 0.27 6.35 47.60 0.32 4.42 25.78 
0.28 5.71 63.30 0.26 7.07 55.65 0.29 5.26 35.70 
0.28 5.96 65.65 0.25 7.68 63.45 0.28 6.10 43.50 
0.27 6.16 69.25 0.25 7.00 56.55 
0.24 8.00 66.50 
0.23 8.57 70.10 
Table 7. (Continued) 
Material 
G H I 
h/ho h/ho A/P h/h^ e^ A/P 
1.00 0.00 0.00 
0.85 0.19 0.64 
0.65 0.70 1.98 
0.43 2.22 10.15 
0.31 4.70 28.60 
0.29 5.32 34.10 
0.29 5.60 46.70 
0.25 7.40 56.60 
0.24 7.90 62.10 
0.24 8.42 68.70 
0.24 8.60 70.70 
1.00 0.00 0.00 
0.71 0.48 1.21 
0.58 0.95 3.31 
0.43 2.18 9.03 
0.35 3.66 19.10 
0.29 5.60 37.30 
0.26 7.00 50.10 
0.24 7.90 63.20 
0.23 9.00 69.80 
0.23 9.28 70.80 
1.00 0.00 0.00 
0.80 0.27 0.28 
0.59 0.93 1.19 
0.44 2.14 3.89 
0.37 3.07 7.69 
0.30 4.96 18.40 
0.27 6.20 24.6 
0.25 7.27 33.5 
0.23 9.15 50.4 
0.21 10.75 65.7 
0.21 11.35 70.7 
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Table 7. (Continued) 
Material 
K 
h/ho P/A h/h^ e^ h/h^ e^ P/A 
1.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 
0.83 0.23 0.16 0.72 0.49 0.28 0.79 0.30 0.50 
0.63 0.75 0.73 0.54 1.24 1.42 0.66 0.67 1.34 
0.48 1.73 2.85 0.38 3.00 6.20 0.49 1.62 5.34 
0.40 2.64 6.23 0.29 5.59 18.60 0.41 2.43 10.77 
0.30 5.10 15.30 0.22 9.90 42.30 0.36 3.44 18.32 
0.22 9.56 40.60 0.20 12.80 57.50 0.31 4.70 30.05 
0.22 10.10 46.20 0.19 14.00 65.60 0.28 5.65 39.41 
0.21 10.70 52.20 0.18 14.50 70.70 0.28 6.09 41.88 
0.20 11.70 61.40 0.27 6.53 45.42 
0.19 13.00 67.80 0.26 7.00 52.35 
0.19 13.70 70.70 0.25 7.59 58.56 
0.24 8.06 64.06 
0.24 8.43 67.74 
0.23 8.90 70.75 
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Table 7. (Continued) 
Material 
M N 
h/h^ e^ P/A h/h^ P/A h/h^ e^ P/A 
1.00 0.00 0.00 1.00 0,00 0.00 1.00 0.00 0.00 
0.81 0.25 0.37 0.81 0.25 0.65 0.85 0.19 1.26 
0.58 0.96 1.72 0.62 0.78 2.26 0.70 0.51 2.97 
0.51 1.40 2.95 0.53 1.30 5.02 0.58 0.99 6.72 
0.44 2.14 5.89 0.46 1.88 8.77 0.52 1.33 9.90 
0.38 3.03 10.51 0.38 2.93 17.10 0.43 2.18 18.20 
0.31 4.62 24.74 0.34 3.83 26.53 0.38 2.87 27.73 
0.29 5.52 28.33 0.31 4.84 36.19 0.32 4.22 47.28 
0.27 6.48 34.70 0.29 5.40 43.08 0.31 4.60 49,22 
0.26 7.00 41.70 0.28 5.85 47,82 0.29 5.32 60.68 
0.25 7.60 48.96 0.27 6.41 56.67 0.24 8.18 117.79 
0.24 8.30 54.40 0.26 7.00 65.79 0.20 11.55 139.65 
0.23 8.85 61.57 0.25 7.70 66.80 0.20 12.65 301.56 
0.22 9.38 67.63 0.24 7.85 70.75 0.18 15.90 377.79 
0.22 9.99 70.75 0.16 20.00 483.20 
0.15 45.30 544.75 
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Table 8. Summary of compression modulus and exponents 
for all tests 
A 2.58 1.49 
B 2.06 1.53 
C 4.89 1.44 
D 5.04 1.44 
E 3.02 1.50 
F 2.40 1.60 
G 3.30 1.43 
H 3.00 1.44 
I 1.23 1.67 
J 1.24 1.52 
K 1.26 1.51 
L 2.75 1.51 
M 1.79 1.62 
N 3.55 1.47 
0 6.70 1.32 
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Table 9. Computed strain values for Material B 
P/A h/hr 
Green 
h^ -h 2 
o 
Cauchy 
i-^ 
Hencky Swainger Almansi 
h hr 
In 1-" 
h2-h 2 
o 
2h^  
0.0  
0.05 
0.31 
1.19 
3.00 
7.25 
16.0 
19.3 
28.8 
38.7 
44.4 
48.2 
57.5 
64.9 
68.3 
1.00 
0.972 
0.866 
0.677 
0.559 
0.444 
0.354 
0.338 
0.299 
0.277 
0 .261  
0.254 
0.243 
0.235 
0.226 
0.00 
0.02 
0.13 
0.27 
0.34 
0.40 
0.43 
0.44 
0.45 
0 . 6 2  
0.466 
0.466 
0.470 
0.472 
0.474 
0.00 
0.028 
0.134 
0.323 
0.441 
0.556 
0.646 
0 .662  
0.701 
0.723 
0.739 
0.745 
0.757 
0.765 
0.774 
0.00 
0.028 
0.144 
0.390 
0.582 
0.812 
1.038 
1.085 
1.207 
1.284 
1.343 
1.370 
1.414 
1.448 
1.487 
0.00 
0.030 
0.155 
0.475 
0.758 
1.250 
1.825 
1.958 
2.345 
2.610 
2.830 
2.935 
3.110 
3.260 
3.430 
0.00 
0.025 
0.166 
0.592 
1.105 
2.025 
3.375 
3.875 
5.077 
6.020 
6.830 
6.955 
7.975 
8.475 
9.275 
75 
345 
615 
885 
1155 
1425 
1695 
1965 
85 
355 
625 
895 
1165 
1435 
1705 
1975 
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X. APPENDIX B. DATA FROM CIRCULAR PLATE TESTS 
Data from circular plate tests 
Initial 
height 
of layer 
Compression 
modulus 
inches pounds 
sq inch 
h/h. h/D D/h 
24 2.03 
24 2.03 
0.87 1.39 0.06 
0.70 1.12 0.29 
0.62 0.99 0.52 
0.56 0.90 0.76 
0.52 0.83 0.99 
0.47 0.75 1.22 
0.46 0.74 1.45 
0.44 0.71 1.68 
0.90 1.08 0.07 
0.74 0.89 0.30 
0.66 0.79 0.53 
0.61 0.73 0.76 
0.56 0.66 0.99 
0.53 0.64 1.23 
0.51 0.61 1.45 
0.50 0.60 1.68 
0.63 
0.83 
63 
333 
603 
873 
1143 
1413 
1683 
1953 
68 
338 
608 
878 
1178 
1418 
1688 
1958 
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(Continued) 
Initial 
height 
of layer 
inches 
Compression 
modulus 
pounds 
sq inch 
h/h. h/D 
o^ ^ m 
D/h 
24 2.03 0.73 
0.50 
0.41 
0.35 
0.30 
0.28 
0 .26  
3.50 
2.40 
1.97 
1.68 
1.44 
1.35 
1.25 
0.05 
0.28 
0.51 
0.74 
0.98 
1.21 
1.44 
1.67 
0 .21  
24 2.03 0.84 
0.65 
0.56 
0.50 
0.46 
0.42 
0.40 
0.38 
2.02 
1.56 
1.35 
1.20 
1 .10  
1 .01  
0.96 
0.91 
0.06 
0.29 
0.52 
0.75 
0.98 
1 .21  
1.44 
1.67 
0.42 
75 
345 
615 
885 
1155 
1425 
1695 
1965 
85 
355 
625 
895 
1165 
1435 
1705 
1975 
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(Continued) 
Initial 
height Compression 
of layer modulus 
inches pounds h/h^  h/D P D/h^  
sq inch i, 2p 
"o 
12 1.67 0.80 
0 .60  
0.53 
0.48 
0.42 
0.40 
0.38 
0.37 
0.64 
0.48 
0.42 
0.38 
0.34 
0.32 
0.30 
0.29 
0.31 
1.43 
2.55 
3.67 
4.70 
5.92 
7.04 
8 . 1 6  
1.25 
12 1.67 0.84 
0.65 
0.56 
0.52 
0.48 
0.46 
0.44 
0.42 
0.50 
0.39 
0.34 
0.31 
0.29 
0.28 
0 .26  
0.25 
0.35 
1.47 
2.59 
3.72 
4.74 
5.96 
7.09 
8.20 
1.66 
75 
345 
615 
885 
1155 
1425 
1695 
1965 
85 
355 
625 
895 
1165 
1435 
1705 
1975 
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(Continued) 
Initial 
height Compression 
of layer modulus 
inches pounds h/h^  h/D P D/h^  
sq inch  ^^ C 
o m 
24 2.75 0.90 
0.71 
0.63 
0.57 
0,53 
0.50 
0.47 
0.46 
1.45 
1.14 
1.01 
0.91 
0.85 
0.80 
0.75 
0.74 
0.05 
0.22 
0.38 
0.56 
0.73 
0.90 
1.07 
1.24 
0.63 
24 2.75 0.92 
0.82 
0.72 
0.67 
0.64 
0.58 
0.56 
0.54 
1.10 
0.98 
0.86  
0 .80  
0.77 
0.70 
0.66 
0.65 
0.05 
0 .22  
0.39 
0.56 
0.73 
0.90 
1.07 
1.24 
0.83 
63 
333 
603 
873 
1143 
1413 
1683 
1953 
68 
338 
608 
878 
1178 
1418 
1688 
1958 
126 
(Continued) 
Initial 
height Compression 
of layer modulus 
pounds 
sq inch " ho^ Cm 
inches h/h h/D P D/h_ 
' ' o ——T— o 
24 2.75 0.76 3.65 0.04 0.21 
0.58 2.79 0.21 
0.43 2.06 0.38 
0.37 1.78 0.55 
0.31 1.49 0.72 
0.28 1.35 0.89 
0.26 1.25 1.06 
0.24 1.15 1.23 
24 2.75 0.84 2.02 0.04 0.42 
0.56 1.56 0.21 
0.57 1.37 0.38 
0.51 1.22 0.55 
0.46 1.10 0.72 
0.42 1.01 0.89 
0.40 0.96 1.07 
0.39 0.94 1.24 
75 
345 
615 
885 
1155 
1425 
1695 
1965 
85 
355 
625 
895 
1165 
1435 
1705 
1975 
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(Continued) 
Initial 
height Compression 
of layer modulus 
inches pounds h/h h/D P D/h^  
sq inch ° hoZCm 
12 2.14 0.82 
0.64 
0.56 
0.50 
0.46 
0.44 
0.42 
0.40 
0 . 6 6  
0.51 
0.45 
0.40 
0.37 
0.35 
0.34 
0.32 
0.24 
1.12  
1.99 
2.86 
3.74 
4.63 
5.50 
6.38 
1.25 
12 2.14 0.87 
0.72 
0.64 
0.59 
0.54 
0.52 
0.50 
0.48 
0.52 
0.43 
0.38 
0.35 
0.32 
0.31 
0.30 
0.29 
0.27 
1.15 
2.02 
2.91 
3.78 
4 . 6 6  
5.53 
6.40 
1 .66  
63 
333 
603 
873 
1143 
1413 
1683 
1953 
68 
338 
608 
878 
1178 
1418 
1688 
1958 
128 
(Continued) 
Initial 
height 
of layer 
inches 
Compression 
modulus 
pounds 
sq inch 
h/hr h/D 
o^ 
D/h 
12 2.14 0 .61  
0.39 
0.32 
0 .26  
1.46 
0.93 
0.77 
0 . 6 2  
0.21 
1.08 
1.95 
2.83 
0.42 
12 2.14 0.72 
0.52 
0.44 
0.42 
0.35 
0.32 
0.31 
P.30 
0.86  
0 . 6 2  
0.53 
0.50 
0.42 
0.38 
0.37 
0.36 
0.22 
1.10 
1.97 
2.84 
3.72 
4.60 
5.47 
6.35 
0.83 
63 
333 
603 
873 
1143 
1413 
1683 
1953 
68 
338 
608 
878 
1178 
1418 
1688 
1958 
129 
(Continued) 
Initial 
height Compression 
of layer modulus 
inches pounds h/h h/D P D/h 
sq inch ° h ^ C ° 
o m 
12 1.67 0 .61  
0.38 
0.32 
0.24 
1.46 
0.91 
0.77 
0.58 
0 .26  
1.38 
2.40 
3.63 
0.42 
12 1.67 0.80 
0.55 
0.50 
0.44 
0.38 
0.36 
0.35 
0.34 
0.96 
0 . 6 6  
0.60 
0.53 
0.46 
0.43 
0.42 
0.41 
0.28 
1.40 
2.53 
3.63 
4.76 
5.89 
7.01 
8.13 
0.83 
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Table 11. Values of h/D and D/h^  for two values of 
P 
1^ 00 2^  
D/h^  h/D D/h^  h/D 
0.208 1.42 0.208 1.10 
0.416 1.04 0.416 0.82 
0.625 0.82 0.625 0.64 
0.833 0.64 0.833 0.50 
1.250 0.55 1.250 0.41 
1.667 0.45 1.667 0.35 
XI. APPENDIX C. DATA FROM STRAIN RECOVERY TESTS 
Table 12. Strain recovery as a function of plate diameter 
Alfalfa full bloom 
Plate 
diameter D/h^ (D/Iiq) h hg h/h^ hg/hg 
inches 
20 1.67 2.78 4.09 7.59 0.33 0.63 
20 1.67 2.78 4.09 7.69 0.33 0.64 
15 1.75 1.56 4.06 7.44 0.33 0.62 
15 1.25 1.56 4.06 7.81 0.33 0.65 
10 0.83 0.70 4.03 7.12 0.33 0.59 
10 0.83 0.70 4.03 7.28 0.33 0.61 
5 0.42 0.17 4.00 6.59 0.33 0.55 
5 0.42 0.17 4.09 6.89 0.33 0.57 
20 1.67 2.78 6.00 8.94 0.50 0.75 
20 1.67 2.78 6.00 8.87 0.50 0.74 
15 1.25 1.56 6.00 8.87 0.50 0.74 
15 1.25 1.56 5.97 8.62 0.50 0.72 
10 0.83 0.70 6.00 8.31 0.50 0.69 
10 0.83 0.70 5.94 8.53 0.50 0.71 
5 0.42 0.17 5.91 8.06 0.50 0.67 
5 0.42 0.17 6.00 7.84 0.50 0.65 
Table 13. Strain recovery as a function of height to which layer is 
compressed 
h 
Alfalfa 
K 
full bloom 
h/h„ 
Plate size 10 inch diameter 
6.06 9.09 0.504 0.756 
5.44 8.22 0.453 0.684 
4.31 7.56 0.359 0.630 
4.16 7.37 0.346 0.614 
3.97 7.03 0.331 0.585 
3.75 6.78 0.313 0.565 
Plate size -- 15 inch diameter, h^  = 12 inches 
7.53 9.69 0.627 0.806 
6.31 9.31 0.526 0.776 
5.72 8.87 0.477 0.739 
5.34 8.44 0.445 0.704 
4.81 8.09 0.402 0.674 
4.47 7.72 0.372 0.643 
6.59 9.56 0.549 0.796 
5.97 9.03 0.497 0.753 
5.41 8.69 0.451 0.724 
5.06 8.22 0.422 0.684 
4.72 8.03 0.392 0.669 
4.37 7.72 0.364 0.643 
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Table 14. Strain recovery as a function of compression modulus of the 
material 
Moisture Compression 
Material content modulus ^^ '^ o 
percent 
h/h^ =0.50 h/ho=0.33 
Alfalfa brome 
1/10 bloom 76 1.35 0.712 0.620 
Alfalfa brome 
full bloom 57.2 4.45 0.807 0.692 
Alfalfa 
full bloom 72.8 2.05 0.600 0.600 
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XII. APPENDIX D. DATA FROM PRESSURE TRANSMISSION TESTS 
diai 
incl 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
135 
Pressure under center of plate 
Applied Transmitted pressure psi Ratio 
pressure Run I Run II Average transmitted/ 
applied 
psi 
Alfalfa-brome; height of layer, 12 inches 
3.25 0.45 0.90 0.72 0.22 
17.00 3.15 4.45 3.80 0.22 
30.17 6.70 9.20 7.95 0.26 
44.50 10.60 14.70 12.65 0.28 
58.30 15.25 22.00 18.62 0.32 
72.00 0.26 av, 
85.80 
99.60 
0.86  
4.30 
7.74 
11.17 
14.59 
18.05 
21.05 
24.90 
0.25 
1.55 
3.15 
4.35 
6.10  
7.45 
8.35 
9.85 
0 
0.10 
1.75 
2.95 
4.15 
5.75 
6.90 
9.25 
0.12 
0 .82  
2.45 
3.65 
5.12 
6.60 
7.62 
9.55 
0.14 
0.19 
0.33 
0.33 
0.35 
0.36 
0.35 
0.38 
0.33 av. 
0.42 
1.95 
3.48 
5.01 
6.53 
8.03 
9.58 
11.12 
0.20 
1.15 
1.60 
2.36 
3.37 
5.80 
6.45 
7.30 
0.17 
0.67 
0.73 
1 .21  
2.06 
2.70 
3.40 
4.38 
0.19 
0.86  
1 .16  
1.78 
2.72 
3.25 
4.92 
5.84 
0.45 
0.44 
0.33 
0.35 
0.42 
0.41 
0.51 
0.52 
0.43 av. 
0.27 
1.13 
1.99 
2.85 
3.71 
4.57 
5.43 
6.29 
0.06 
0.40 
0.84 
1.35 
1.93 
2.84 
3.15 
3.78 
0 
0.42 
1.10 
1.62 
2.33 
2.84 
3.39 
4.10 
0.03 
0.41 
0.97 
1.48 
2.13 
2.84 
3.27 
4.04 
0.11 
0.36 
0.49 
0.52 
0.57 
0.62 
0.60 
0.64 
0.54 av. 
diai 
incl 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
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(Continued) 
Applied Transmitted pressure psi 
pressure Run III Run IV Average 
psi 
Alfalfa-brome; height of layer, 24 inches 
3.25 0.15 0.15 
17.00 0.40 0.40 
30.70 1.17 1.17 
44.50 2.28 2.28 
58.30 3.28 3.28 
72.00 4.53 4.53 
85.80 5.86 5.86 
99.60 
0.86 0.10 0 0.05 
4.30 0.50 0.39 0.45 
7.74 1.00 0.80 0.90 
11.17 1.80 1.38 1.59 
14.59 2.65 2.10 2.37 
18.05 3.85 3.04 3.45 
21.50 4.45 3.87 4.16 
24.90 5.25 4.67 4.96 
0.42 
1.95 
3.48 
5.01 
6.53 
8.03 
9.58 
11.12 
0.01 
0.39 
0.85 
1.43 
2.02 
2.69 
3.19 
3.90 
0.26 
0.69 
1.17 
1.66  
2.26 
2.74 
0.32 
0.77 
1.30 
1.84 
2.47 
2.97 
0.27 
1.13 
1.99 
2.85 
3.71 
4.57 
5.43 
6.29 
0.13 
0.40 
0.67 
0.95 
1.28 
1.51 
1.90 
0.13 
0.38 
1.10 
1.60 
2.20 
2.72 
3.22 
3.95 
0.06 
0.36 
0.75 
1.13 
1.58 
2.00 
2.36 
3.04 
dial 
incl 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
137 
(Continued) 
Applied Transmitted pressure psi Ratio 
pressure Run I Run II Average transmitted/ 
applied 
psi 
Sweet clover; height of layer, 12 inches 
3.25 0.55 0.90 0.72 
17.00 5.80 6.75 6.28 
30.70 12.00 14.60 13.30 
44.50 
58.30 
72.00 
85.80 
99.60 
0.34 av 
0.86 0.20 0.35 0.28 0.33 
4.30 1.45 1.75 1.60 0.37 
7.74 3.70 3.30 3.50 0.45 
11.17 6.00 6.00 6.00 0.54 
14.59 8.10 9.00 8.55 0.59 
18.05 10.00 11.75 10.88 0.60 
21.05 12.10 13.70 12.90 0.61 
24.90 14.65 15.60 15.12 0.61 
0.51 av. 
0.42 
1.95 
3.48 
5.01 
6.53 
8.03 
9.58 
11.12 
0.59 
2.33 
3.90 
5.52 
6.92 
8 . 2 2  
9.42 
11.32 
0.05 
1.17 
2.24 
3.33 
4.48 
5.52 
6 . 6 2  
7.62 
0.32 
1.75 
3.07 
4.42 
5.70 
6.87 
8 .02  
9.47 
0.76 
0.90 
0.88 
0.88  
0.87 
0.86 
0.84 
0.85 
0.85 av. 
0.27 
1.13 
1.99 
2.85 
3.71 
4.57 
5.43 
6.29 
0.06 
0.40 
0.84 
1.35 
1.93 
2.84 
3.15 
3.78 
0 
0.42 
1.10 
1.62  
2.33 
2.84 
3.39 
4.10 
0.03 
0.41 
0.97 
1.48 
2.13 
2.84 
3.27 
4.04 
0 . 1 1  
0.36 
0.49 
0.52 
0.57 
0 .62  
0 .60  
0.64 
0.54 av. 
dial 
inc; 
5 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
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(Continued) 
Applied Transmitted pressure psi 
pressure Run III Run IV Average 
psi 
Sweet clover; height of layer, 24 inches 
0.15 0.49 0.32 
3.25 0.55 1.15 0.85 
17.00 1.45 2.35 1.90 
30.70 2.80 4.20 3.50 
44.50 4.35 6.85 5.60 
58.30 6.75 10.40 8.57 
72.00 9.10 13.70 11.40 
85.80 12.25 17.00 14.62 
99.60 
0.86 0.26 0.13 
4.30 0.30 0.72 0.51 
7.74 0.65 1.33 0.99 
11.17 1.20 2.10 1.65 
14.59 2.10 3.10 2.60 
18.05 3.10 4.15 3.62 
21.05 3.80 5.02 4.41 
24.90 4.65 6.04 5.34 
0.42 
1.95 
3.48 
5.01 
6.53 
8.03 
9.58 
11.12 
0.36 
1.01 
1.70 
2.39 
3.58 
4.38 
5.53 
0.35 
0.60 
1.04 
1.44 
1.83 
2.33 
2.85 
0.36 
0.80 
1.37 
1.92 
2.70 
3.35 
4.19 
0.27 
1.13 
1.99 
2.85 
3.71 
4.57 
5.43 
6.29 
0.02  
0.27 
0.54 
0.90 
1.36 
1.89 
2.25 
2.71 
0.24 
0.69 
1.13 
1.63 
2.19 
2.48 
2.95 
0.25 
0 .61  
1.01 
1.49 
2.04 
2.36 
2.83 
Table 16. Pressure under edge of plate 
Plate Applied Transmitted pressure psi Ratio 
diameter pressure Run I Run II Average transmitted/ 
applied 
inches psi 
Alfalfa--brome; height of layer. 12 inches 
5 3.25 0.65 0.50 0.57 0.18 
5 17.00 1.75 1.70 1.72 0.10 
5 30.17 3.10 3.30 3.20 0.09 
5 44.50 4.25 4.90 4.57 0.10 
5 58.30 5.50 5.75 5.62 0.10 
5 72.00 0.10 av. 
5 85.80 
5 99.60 
10 0.86 0.20 0.01 0.10 0.12 
10 4.30 1.35 0.10 0.72 0.17 
10 7.74 2.85 1.75 2.30 0.30 
10 11.17 4.35 2.95 3.65 0.33 
10 14.59 6.50 4.15 5.32 0.36 
10 18.05 7.90 5.75 6.82 0.38 
10 21.05 9.20 6.90 8.05 0.38 
10 24.90 10.80 9.25 10.02 0.41 
0.36 av. 
15 0.42 0.22 0.17 0.20 0.48 
15 1.95 0.75 0.67 0.71 0.36 
15 3.48 1.52 0.73 1.12 0.32 
15 5.01 2.47 1.21 1.84 0.37 
15 6.53 3.69 2,06 2.88 0.44 
15 8.03 6.10 2.70 4.40 0.55 
15 9.58 6.85 3.40 4.62 0.48 
15 11.12 8.10 4.38 6.24 0.56 
0.45 av. 
20 0.27 0.03 0.18 0.10 0.37 
20 1.13 0.40 0.44 0.42 0.37 
20 1.99 0.82 0.78 0.80 0.40 
20 2.85 1.44 1.02 1.23 0.43 
20 3.71 1.98 1.44 1.71 0.46 
20 4.57 2.53 1.84 2.18 0.48 
20 5.43 2.99 2.09 2.54 0.47 
20 6.29 3.72 2.63 3.17 0.50 
0.44 av. 
dial 
incl 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
1 /. A 
(Continued) 
Applied Transmitted pressure psi 
pressure Run III Run IV Average 
psi 
Alfalfa-brome; height of layer, 24 inches 
3.25 0.10 0.10 
17.00 0.10 0.10 
30.17 0.52 0.52 
44.50 1.42 1.42 
58.30 2.54 2.54 
72.00 3.65 3.65 
85.00 4.59 4.59 
99.60 
0.86  
4.30 
7.74 
11.17 
14.59 
18.05 
21.05 
24.90 
0.50 
1 .10  
1.75 
2.60 
3.35 
4.20 
4.80 
5.60 
0.03 
0.27 
0.73 
1.40 
2.04 
2.85 
3.45 
4.26 
0.26 
0.69 
1.24 
2.00 
2.69 
3.52 
4.12 
4.93 
0.42 
1.95 
3.48 
5.01 
6.53 
8.03 
9.58 
11.12 
0.02 
0 . 2 2  
0.47 
0.75 
1.15 
1.56 
2.00 
2.46 
0 
0.25 
0 . 6 2  
1.15 
1.67 
2.24 
2.70 
0.01 
0.24 
0.54 
0.95 
1.41 
1.90 
2.35 
0.27 
1.13 
1.99 
2.85 
3.71 
4.57 
5.43 
6.29 
0 . 2 2  
0.47 
0.74 
1.02 
1.23 
1.62  
1.87 
2.23 
0.05 
0.33 
0.65 
1.02 
1.44 
1.84 
2.11  
2.52 
0.13 
0.40 
0.70 
1.02 
1.33 
1.73 
1.99 
2.37 
dial 
incl 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
(Continued) 
Applied Transmitted pressure psi 
pressure Run I Run II Average 
psi 
Sweet clover; height of layer, 12 inches 
3.25 0.45 0.65 0.55 
17.00 1.75 2.40 2.08 
30.70 3.10 3.85 3.47 
44.50 
58.30 
72.00 
85.80 
99.60 
0.86 0.20 0.35 0.28 
4.30 1.20 2.40 1.80 
7.74 2.20 4.30 3.25 
11.17 3.70 6.80 5.25 
14.59 5.15 9.65 7.40 
18.05 7.15 11.75 9.45 
21.50 8.60 13.65 11.12 
24.90 11.00 14.50 12.75 
0.42 0.15 0.01 0.08 
1.95 0.63 0.33 0.48 
3.48 1.35 0.76 1.05 
5.01 2.28 1.21 1.74 
6.53 3.38 1.74 2.56 
8.03 4.18 2.34 3.26 
9.58 4.88 3.04 3.96 
11.12 6.23 3.79 5.01 
0.27 0.14 0 0.07 
1.13 0.75 0.49 0.62 
1.99 1.49 1.03 1.26 
2.85 2.20 1.56 1.88 
3.71 2.90 2.13 2.51 
4.57 3.75 2.64 3.19 
5.43 4.28 3.00 3.64 
6.29 5.10 3.64 4.37 
dia 
inc 
5 
5 
5 
5 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
20 
20 
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(Continued) 
Applied Transmitted pressure psi Ratio 
pressure Run III Run IV Average transmitted/ 
applied 
psi 
Sweet clover; height of layer, 24 inches 
3.25 0.30 0.15 0.22 0.07 
17.00 0.30 0.55 0.42 0.02 
30.70 1.15 1.30 1.22 0.04 
44.50 1.65 2.35 2.00 0.04 
58.30 2.35 3.10 2.72 0.05 
72.00 3.10 3.70 3.40 0.05 
85.80 3.70 4.30 4.00 0.05 
99.60 8.50 5.25 6.87 0.07 
0.05 av. 
0.86  
4.30 
7.74 
11.17 
14.59 
18.05 
21.50 
24.90 
0.42 
1.95 
3.48 
5.01 
6.53 
8.03 
9.58 
11 .12  
0.27 
1.13 
1.99 
2.85 
3.71 
4.57 
5.43 
6.29 
0 
0.55 
1.20 
1.75 
2.55 
3.60 
4.20 
5.00 
0 
0 . 1 2  
0.17 
0.35 
0.56 
0.80 
1.01 
1.45 
0 .02  
0.24 
0.50 
0.75 
1.25 
1.33 
1.63 
1.93 
0.01 
0.24 
0.73 
1.45 
2.25 
3.14 
3.71 
4 .62  
0 
0.33 
0.87 
1.38 
2.20 
2.85 
3.57 
4.24 
0 
0.12 
0.36 
0.63 
1.03 
1.43 
1.83 
2.24 
0 
0.40 
0.96 
1.60 
2.40 
3.37 
3.95 
4.81 
0 
0.22 
0.52 
0 .86  
1.38 
1.82 
2.28 
2.84 
0 
0.18 
0.43 
0.69 
1.14 
1.38 
1.73 
2.08 
0.09 
0.12 
0.14 
0 .16  
0.19 
0.18 
0.19 
0.15 av. 
0 . 1 1  
0.15 
0.17 
0.21 
0.23 
0.24 
0.25 
0.21 av. 
0.16 
0 .22  
0.24 
0.31 
0.30 
0.32 
0.33 
0.29 av. 
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Table 17. Pressure transmission data 
Plate 
diameter 
inches 
Material 
'm 
Applied Ini-
pres- tial 
sure depth 
psi inches 
Trans­
mitted 
pres­
sure 
psi 
Trans­
mission 
ratio Slopes 
0.416 
0.208 
Alfalfa brome 1.67 8 
Alfalfa brome 2.03 8 
Sweet clover 2.14 8 
Sweet clover 2.75 8 
12 
24 
12 
24 
1.40 
0 .20  
2.30 
0.30 
0.175 
0.025 
0.313 
0.037 
0.197 
0.020 
0.357 
0.035 
10 Alfalfa brome 1.67 8 
Alfalfa brome 2.03 8 
0.833 Sweet clover 2.14 8 
0.416 Sweet clover 2.75 8 
12 
24 
12 
24 
2.30 
1.00 
3.65 
1.15 
0.288 
0.125 
0.457 
0.144 
0.331 
0.185 
0.556 
0.193 
15 Alfalfa brome 1.67 
Alfalfa brome 2.03 
1.250 Sweet clover 2.14 
0.625 Sweet clover 2.75 
12 
24 
12 
24 
3.73 
2.33 
6.75 
2.68 
0.466 
0.292 
0.844 
0.335 
0.664 
0.417 
0.900 
0.457 
20 Alfalfa brome 1.67 
Alfalfa brome 2.03 
1.666 Sweet clover 2.14 
0.833 Sweet clover 2.75 
12 
24 
12 
24 
5.45 
4.02 
5.45 
3.88 
0.682 
0.502 
0.682 
0.485 
0.863 
0.635 
0.863 
0.625 
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Table 18. Computed values^  used in determining equivalent diameter for 
wheeled tractor load 
Assumed Pressure Circular 
Assumed applied transmission plate 
area Diameter pressure ratio diameter 
2 inches inches psi inches 
50 8.0 64.5 .226 1.82 
75 9.8 43.1 .336 3.92 
100 11.3 32.3 .448 6.95 
125 12.6 25.8 .562 10.6 
150 13.8 21.5 .674 15.2 
200 16.0 16.2 .885 26.0 
&Based on wheel reaction load - 3,230 psi; measured transmitted 
pressure - 145 psi. 
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Table 19. Computed values^  used in determining equivalent diameter for 
track-type tractor load 
Assumed Pressure Circular 
Assumed applied transmission plate 
area Diameter pressure ratio diameter 
2 inches inches psi inches 
50 8.0 100 0.195 1.40 
75 9.6 67 0.291 3.00 
100 11.3 50 0.390 5.30 
125 12.6 40 0.487 8.00 
150 13.8 33 0.590 11.70 
200 16.0 25 0.780 20.5 
&Based on track weight reaction - 5,000 psi; measured transmitted 
pressure - 19.5 psi. 
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XIII. APPENDIX E. DATA FROM DYNAMIC LOADING TESTS 
Table 20. Dynamic loading tests 
Loading 
Initial 
height 
inches 
Under 
center 
Pressure psi 
5" to side 
of track 
Height 
after 
compression 
h/h. 
Track 12 
12 
12 
12 
12 
Alfalfa, 64.7% moisture 
11.6 
15.2 
6 .8  
5.6 
5.3 
9.4 
13.0 
6.3 
3.6 
7.2 
8 . 0  
7.2 
6.5 
6 . 6  
6 . 6  
0.66 
0.60 
0.55 
0.56 
0.56 
Wheel 12 
12 
12 
12 
12 
12 
14.0 
14.6 
10.8 
17.0 
15.7 
15.7 
4.3 
4.5 
3.0 
3.3 
4.8 
3.6 
8.5 
8 . 1  
7.8 
7.5 
7.3 
7.2 
0.71 
0.67 
0.65 
0 .62  
0 .61  
0.60 
Track 24 
24 
24 
24 
24 
24 
24 
6 .8  
8 . 0  
7.2 
6 . 8  
8.3 
8.3 
8.3 
4.4 
4.4 
5.0 
6 . 0  
5.6 
5.1 
4.3 
17.12 
15.31 
14.12 
13.62 
13.09 
12.56 
12.62 
0.71 
0.64 
0.69 
0.57 
0.55 
0.52 
0.53 
Wheel 24 
24 
24 
24 
24 
24 
6.8  
6 .8  
6 . 8  
6 . 0  
7.5 
7.5 
1.8  
1.8 
1 . 2  
1 . 2  
1.8 
1 . 2  
17.7 
16.0 
15.4 
15.0 
14.5 
13.9 
0.74 
0.67 
0.64 
0 .62  
0 .60  
0.58 
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Table 20. (Continued) 
Initial Pressure psi Height 
Loading height Under 5" to side after h/h 
center of track compression ° 
inches 
Alfalfa, 77% moisture 
Track 12 6.3 8.4 0.70 
12 30.5 10.6 7.5 0.62 
12 14.8 5.7 6.8 0.57 
12 13.8 4.3 6.4 0.53 
Wheel 12 13.6 5.7 9.1 0.76 
12 13.8 5.7 8.0 0.67 
12 15.7 6.7 7.8 0.65 
12 14.8 8.2 7.1 0.59 
Track 24 13.7 10.2 18.31 0.77 
24 13.7 12.6 16.44 0.68 
24 17.0 12.6 15.37 0.64 
24 17.0 12.6 14.69 0.61 
Wheel 24 20.0 13.5 18.44 0.77 
24 10.0 3.8 16.25 0.68 
24 10.0 7.0 16.25 0.68 
24 11.1 4.2 16.00 0.67 
